Introduction
============

Genetic novelties are the primary sources of new phenotypes ([@msw089-B26]). The fates of novel genetic elements are usually affected by various evolutionary forces such as selection, drift, and demography ([@msw089-B17]; [@msw089-B61]). The fitness effect of a novel genetic element is also influenced by its epistatic interactions with other genomic factors ([@msw089-B64]). Among various interactions between genetic novelties and genomic contexts, the origin and evolution of microRNAs (miRNAs) stand out as a paradigm to deepen our understanding of co-evolution between genomic contexts and novel non-coding RNAs.

MiRNAs are a class of endogenously expressed small noncoding RNAs (∼22 nt in length) that regulate the expression of target genes at the post-transcriptional level. In animals, a miRNA targets 3′ UTR of target mRNAs by seed (positions 2--8 of the mature miRNA) pairing to cause mRNA degradation and/or translational inhibition ([@msw089-B4]; [@msw089-B34]; [@msw089-B6]; [@msw089-B21]). A single miRNA usually concurrently regulates a large number of target genes, and one gene might be regulated by multiple miRNAs ([@msw089-B15]; [@msw089-B46], [@msw089-B45]; [@msw089-B32]; [@msw089-B68]). It was estimated that ∼60% of mammalian protein-coding genes were conserved targets of miRNAs ([@msw089-B18]). The comprehensive interactions between miRNAs and protein-coding genes often interplay to compose complex genetic networks and fine-tune diverse cellular functions, such as development, differentiation, apoptosis, and metabolism ([@msw089-B30]). Mutations related to miRNA dysregulation often lead to developmental defects and pathological events ([@msw089-B4]; [@msw089-B34]; [@msw089-B6]; [@msw089-B21]). Therefore, sequences of established miRNAs are usually highly conserved due to functional constraints ([@msw089-B5]). For example, the mature sequence of *let-7*, one of the first discovered miRNAs, are highly conserved across vertebrate and invertebrate species ([@msw089-B63]).

The repertoire of animal miRNAs gradually expanded during long-term evolution ([@msw089-B63]), however, excessive novel and lineage-specific miRNAs have been identified in various taxa ([@msw089-B10]; [@msw089-B16]; [@msw089-B81]; [@msw089-B49]; [@msw089-B49]; [@msw089-B82]; [@msw089-B47]; [@msw089-B9]; [@msw089-B20]; [@msw089-B52]; [@msw089-B59]; [@msw089-B60]; [@msw089-B19]). Based on observations in *Drosophila* and other taxa, we along with others proposed a birth and death model of miRNA evolution, which well explained the vast flux of evolutionarily young miRNAs in multiple lineages ([@msw089-B10]; [@msw089-B67]; [@msw089-B49]; [@msw089-B50]). Another salient feature is that animal miRNAs are significantly enriched in clusters in discrete genomic regions ([@msw089-B39]; [@msw089-B43]; [@msw089-B41]; [@msw089-B3]; [@msw089-B71]; [@msw089-B55]; [@msw089-B60]). The clustering patterns suggest that miRNAs in the same cluster might be transcribed in a polycistronic manner ([@msw089-B7]; [@msw089-B74]; [@msw089-B62]; [@msw089-B79]; [@msw089-B73]), similar to the operon regulation systems in prokaryotes ([@msw089-B44]; [@msw089-B65]). As genes located in the same operon often have relevant functions ([@msw089-B31]), miRNAs in the same cluster were hypothesized to regulate functionally related genes ([@msw089-B76]; [@msw089-B35]; [@msw089-B80]; [@msw089-B78]).

The evolutionary principles and functional importance of miRNA clustering are still open questions. In this study, we found duplication and *de novo* formation were important mechanisms to create miRNA clusters and the clustered miRNAs tend to be evolutionarily conserved. We proposed a "functional co-adaptation" model to explain how clustering helps new miRNAs survive and develop functions related to other members of that cluster. We tested our hypothesis by transfecting miRNAs of the *miR-17--92* cluster into human and fly cells and extensively profiling the transcriptome alteration with deep-sequencing. We presented experimental evidence to support the functional co-adaptations between new and old miRNAs in the *miR-17--92* cluster.

Results
=======

miRNAs Are Significantly Enriched in Clusters Via Duplication or *De* *Novo* Formation
--------------------------------------------------------------------------------------

Previous studies have revealed that miRNAs tend to be clustered in introns or intergenic regions ([@msw089-B39]; [@msw089-B43]; [@msw089-B41]; [@msw089-B3];[@msw089-B71]; [@msw089-B55]; [@msw089-B60]). Since the characterizations and annotations of miRNAs have been greatly expanded after the original studies, herein we re-visited the clustering patterns of miRNAs with the updated information. We conducted analysis on miRNAs from human, mouse, chicken, zebrafish, fly, and worm, which had high-quality genome assemblies and extensive miRNA expression and target prediction results. In each species, we grouped the miRNA genes into distinct clusters following the procedures described in previous studies ([@msw089-B3]; [@msw089-B24]; [@msw089-B55]). Specifically, clustering of miRNA genomic locations is determined if two neighboring miRNAs are located within 10 kb and are in the same strand. The proportion of clustered miRNAs varied across species: ∼50% of the miRNAs were clustered in zebrafish and 17%--30% of the miRNAs were clustered in the other five species ([fig. 1*A*](#msw089-F1){ref-type="fig"}). For example, among all the 1,881 miRNAs annotated in human, we identified 352 miRNA genes that were grouped into 99 distinct clusters, including 22 homo-seed clusters (miRNAs having identical "seed" sequences, e.g., the *miR-29c∼29b-2* cluster), 62 hetero-seed clusters (miRNAs having distinct "seed" sequences, e.g., the *miR-23b∼27b∼24* cluster), and 15 homo-hetero-seed clusters (a combination of the former two classes, [supplementary table S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). By randomly permuting genomic locations of the miRNAs, in each species we found the observed number of clustered miRNAs was significantly higher than that under randomness (*P* \< 0.0001 for all the cases, [supplementary fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)A, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). And these results are well congruent with previous studies ([@msw089-B39]; [@msw089-B43]; [@msw089-B41]; [@msw089-B3]; [@msw089-B71]; [@msw089-B55]; [@msw089-B60]). For most miRNA clusters, the size ranged from 2 to 6 miRNA precursors. However, unusually large miRNA clusters were also observed in certain species ([supplementary fig. S1](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)*B*, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). Fig. 1.miRNAs are significantly enriched in clusters in six animal species. (*A*) The number of miRNA precursors that are located in clusters via duplication or *de novo* formation. The percentage of the clustered miRNAs out of the total number of miRNAs annotated in miRBase (V21) is presented beside each bar. (*B*) The classification of broadly conserved, and conserved miRNAs in vertebrates. The information was extracted from whole genome alignments of 100 vertebrate species. (*C*) Percentage of clustered miRNAs in different conservation group. In each species, the (broadly) conserved miRNAs are significantly enriched in clusters. The *y*-axis is the percentage of miRNAs that are located in clusters in that conservation group.

Similar to protein-coding genes, the origin of young miRNA genes is usually achieved by duplication ([@msw089-B34]; [@msw089-B6]; [@msw089-B55]) or *de novo* formation ([@msw089-B49]; [@msw089-B12]; [@msw089-B48]; [@msw089-B55]; [@msw089-B57]). Here, we pursued the mechanisms by which the clustering patterns were shaped during evolution. We searched for homologous sequences in the miRNA precursors to identify the recent duplications (BLAST *E*-value \<0.0001). For the ancient miRNA duplication events, we delimitated the paralogous copies to have homologous mature sequences (with fewer than five mismatches) and identical seeds. After combining results from the two approaches, we found that in vertebrate species ∼50% of the clustered miRNAs were caused by tandem or nonlocal duplications, while in fly and worm, ∼30% of the clustered miRNAs were duplicated ([fig. 1*A*](#msw089-F1){ref-type="fig"}). Taken together, duplication of pre-existing miRNAs contributed significantly to the formation of miRNA clusters. Interestingly, the unusually large miRNA clusters in vertebrates were generally shaped by duplications followed by sequence divergence, such as the human *c19mc* cluster ([supplementary fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)*A* and *B*, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online) and the mouse *Sfmbt2* cluster ([supplementary fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)C, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). An intriguing observation is the *miR-430* cluster in zebrafish, which plays important roles in maternal mRNA clearance and translational regulation during development ([@msw089-B22]; [@msw089-B6]; [@msw089-B8]). The *miR-430* cluster formed by tandem duplications and all the 58 paralogous miRNAs preserved identical seed sequences ([supplementary fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)*D*, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online).

About half of the clustered miRNAs do not share sequence similarity with other miRNAs. As hairpin structures are easy to form during RNA transcription, *de novo* formation is the most parsimonious mechanism for these miRNAs ([fig. 1*A*](#msw089-F1){ref-type="fig"}). The homo-seed clusters are usually shaped by duplications; the hetero-seed clusters are mainly shaped by *de novo* formation of new miRNAs; and the hetero--homo-seed clusters are combinations of these two mechanisms (although a few cases might be caused by genome rearrangement). In summary, both duplications and *de novo* formation are important mechanisms to generate miRNA clusters.

Evolutionarily Conserved miRNAs Are Significantly Enriched in Clusters
----------------------------------------------------------------------

Next, we investigated the conservation patterns of the miRNA clusters. We employed the genome alignments of 100 vertebrate species to identify conserved miRNAs with similar criteria used in previous studies ([@msw089-B18]; [@msw089-B2]): A "broadly conserved" miRNA should exist in most vertebrates, while a "conserved" miRNA is only conserved in mammals ([fig. 1*B*](#msw089-F1){ref-type="fig"}, see Materials and Methods for details). We employed whole genome alignments of 12 *Drosophila* species to identify conserved miRNAs by requiring a miRNA to be present in both *Drosophila* *melanogaster* and *Drosophila* *pseudoobscura* (or beyond, [supplementary fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)*E*, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). In worms, we required a conserved miRNA to be identified in both *Caenorhabditis* *elegance* and *Caenorhabditis* *briggsae* ([supplementary fig. S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)*F*, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). For all the (broadly) conserved miRNAs, we further required the orthologous precursor sequences to form stable hairpin structures and the seeds to be identical across the examined clades (Materials and Methods).

An interesting observation is that the (broadly) conserved miRNAs are significantly enriched in clusters ([fig. 1*C*](#msw089-F1){ref-type="fig"}). For the 319 human miRNA precursors that encode conserved miRNAs (219 broadly conserved in vertebrates and 100 conserved only in mammals), 158 (49.5%) of them are located in miRNA clusters. Whereas among the 1,562 human miRNAs that are not evolutionarily conserved, only 194 (12.4%) of them are located in miRNA clusters (*P* = 1.46 × 10^−53^, *χ*^2^ test). Similar patterns were observed in mouse, chicken and zebrafish (*P* \< 1.0 × 10^−10^ for all three species, *χ*^2^ tests, [fig. 1*C*](#msw089-F1){ref-type="fig"}). In *Drosophila*, 45.5% (51 of 112) of the conserved miRNAs are located in clusters, while only 18.8% (27 out of 144) of the nonconserved miRNAs are located in clusters (*P* = 7.39 × 10^−6^, *χ*^2^ test, [fig. 1*C*](#msw089-F1){ref-type="fig"}). An analogous pattern was observed in worms as well ([fig. 1*C*](#msw089-F1){ref-type="fig"}).

One should note that the above analysis was based on all the miRNAs annotated in miRBase (V21) ([@msw089-B23], [@msw089-B24]; [@msw089-B37], [@msw089-B38]) and many of the curated miRNAs might not be *bona fide* ([@msw089-B19]). To address this concern, we extensively compiled the small RNAs sequenced with Argonaute (AGO) IP-Seq in human and fly from previous studies ([supplementary tables S2 and S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online, Materials and Methods). We were able to verify 1,157 miRNA precursors (1,542 mature miRNAs) in 40 publicly available AGO IP-Seq small RNA libraries in human ([supplementary table S2](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online) and 213 miRNA precursors (335 mature miRNAs) in 14 publicly available AGO IP-Seq small RNA libraries in fly ([supplementary table S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). With these high-confidence miRNA annotations, our conclusion that conserved miRNAs tend to be clustered remains intact ([supplementary fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)*A*, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). Moreover, when we searched for novel miRNAs with miRDeep2 program ([@msw089-B54]) in all the AGO IP-Seq small RNA libraries used in this study (see Materials and Methods for details), we also identified 12 novel miRNA candidates in human ([supplementary table S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) and fig. S4, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online) and four in *Drosophila* ([supplementary table S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) and fig. S5, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). The human novel miRNAs are generally nonconserved and lowly expressed. Notably, we found seven out of the 12 novel miRNAs we detected in human were clustered to known miRNAs ([supplementary table S4](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). Two out of the four novel miRNAs in fly were caused by recent duplications ([supplementary fig. S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online) and none of the novel miRNA candidates in *Drosophila* was clustered to known miRNAs ([supplementary table S5](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). After incorporating these novel miRNAs into analysis, our observations that evolutionarily conserved miRNAs are significantly enriched in clusters remain intact ([supplementary fig. S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)*B*, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online).

Evolutionary Mechanisms for Clustering of *De* *Novo* Formed miRNAs: Functional Co-adaptation Versus Selection Interference
---------------------------------------------------------------------------------------------------------------------------

Thus far our results revealed that miRNAs tend to be clustered, especially for the evolutionarily conserved ones. Several hypotheses have been proposed to account for the clustering pattern of miRNAs, such as tandem duplication, split or rearrangements of miRNA loci ([@msw089-B55]). Based on the observation that *Drosophila* new miRNAs often arose around the pre-existing ones to form clusters, [@msw089-B55]) proposed a "drift-draft" model by which the motifs of the pre-existing miRNAs would protect new miRNAs to be transcribed and processed properly since those motifs were already interacting with the miRNA processing machinery. Under such a model, the *de novo* formed new miRNAs are sheltered by the established ones in the same cluster because mutations that abolish the transcription or processing of the new miRNA will affect the pre-existing ones as well and are hence selected against ([fig. 2*A*](#msw089-F2){ref-type="fig"}). On the other hand, if a *de novo* formed miRNA is located in a discrete locus, it will have a higher probability to degenerate, either by mutations abolishing its transcription or by mutations impairing its processing. Therefore, the linkage of a novel miRNA to other pre-existing miRNAs (or protein-coding genes) might shelter the new miRNA from degeneration in the initial stages; and later on a subset of these new miRNAs might develop function and becomes conserved across species. It is challenging to directly evaluate the protective effects of the pre-existing miRNAs on the newly emerged ones at this moment. However, if linkage attenuates the loss of a new miRNA by ensuing its transcription, we expect to observe a higher fraction of the miRNAs in introns of protein-coding genes to be conserved (and hence functional) since most miRNAs in introns are co-transcribed with the host genes ([@msw089-B70]; [@msw089-B71]). To test this hypothesis, we compared the conservation patterns of the nonclustered human miRNAs in introns versus those in the intergenic regions. Unfortunately, we did not find any evidence that the nonclustered miRNAs in introns were significantly more conserved comparing with their counterparts in intergenic regions ([fig. 2*B*](#msw089-F2){ref-type="fig"}). Similar results were obtained if we used other miRNA filtering criteria to define the conserved miRNAs in vertebrates. And similar pattern were found in *Drosophila* ([fig. 2*C*](#msw089-F2){ref-type="fig"}). Taken together, although the "drift-draft" model reasons that clustering (or genomic linkage) helps newly *de novo* formed miRNAs to develop function by attenuating its loss, we were not able to find evidence to support this elegant model at this moment. Fig. 2.Evolutionary mechanisms underlying miRNA clustering. (*A*) Selection interference (or drift-draft) model: If a *de novo* formed miRNA located in a discrete locus (nonclustered), it has a high probability to degenerate, either by mutations that abolish its transcription or by mutations that destroy the hairpin structure. If a *de novo* formed miRNA originates in a miRNA cluster, it will be sheltered by the pre-existing miRNAs since mutations that abolish the transcription of this miRNA cluster will be selected against. Therefore, new miRNAs in a cluster will have a higher chance to survive relative to the counterpart in a discrete locus. (*B*) The ratio of conserved/nonconserved nonclustered miRNAs in introns versus intergenic regions of human genome. The patterns are consistent for all the human miRNAs annotated in miRBase (V21), the miRNAs with evidence of AGO2-IP Seq, or the "high-confidence" miRNAs defined with miRBase (V21). "HC" stands for high-confidence. (*C*) The ratio of conserved/nonconserved nonclustered miRNAs in introns versus intergenic regions of *D. melanogaster* genome. The patterns are consistent with all the *D. melanogaster* miRNAs in miRBase (V21) and the miRNAs with evidence of AGO-IP Seq. (*D*) Functional co-adaptation model: For a *de novo* formed miRNA in a discrete locus, it might be selected against or drift since most animal novel miRNAs are not adaptive. On the other hand, the new miRNA in a cluster will be co-expressed with the pre-existing miRNAs spatially or temporally so that it might gradually develop function to regulate target genes of these pre-existing miRNAs. Thus clustering helps the new miRNA to develop function and the cluster is stabilized by natural selection once function of this cluster is fully established.

Furthermore, the majority of the *de novo* formed novel miRNAs are evolutionarily transient and will degenerate even after they are fixed in the populations if they are not maintained by functional constraints ([@msw089-B10]; [@msw089-B49]), thus developing functions related to the pre-existing miRNAs will help the novel miRNAs to survive and stabilize. Herein, we proposed a "functional co-adaptation" model to account for the evolution and function of *de novo* formed new miRNAs in the clusters ([fig. 2*D*](#msw089-F2){ref-type="fig"}). For the new miRNAs that eventually become functional, many adaptive changes might be needed to adapt to the genomic contexts ([@msw089-B49]; [@msw089-B59]). Since miRNAs in the same clusters are usually co-transcribed temporally or spatially (see below for details), the newly formed miRNAs might gradually develop functions to target genes that are related to the pre-existing miRNAs in the same cluster; or multiple *de novo* formed new miRNAs in the same cluster interplay to regulate overlapping sets of target genes. Therefore, although miRNAs in the same cluster have independent origins, they might regulate overlapping sets of target genes through convergent evolution. Thereafter the clustering patterns of miRNAs and the modular regulation of target genes will be stabilized by natural selection during long-term evolution. In the following sections we presented lines of evidence to support the "functional co-adaptation" model.

miRNAs in the Same Clusters Tend to Be Co-expressed and Regulate Overlapping Sets of Target Genes
-------------------------------------------------------------------------------------------------

To test the "functional co-adaptation" model, we first examined whether miRNAs in the same clusters were co-expressed among various tissues. Previous studies demonstrated that a miRNA cluster was usually transcribed as a single unit ([@msw089-B7]; [@msw089-B74]; [@msw089-B62]; [@msw089-B79]; [@msw089-B73]), however, mature miRNAs in the same cluster might not be highly correlated due to regulation in the maturation processes ([@msw089-B7]; [@msw089-B73]). To examine whether the abundance of mature miRNAs from the same clusters tend to be correlated systematically, we conducted Weighted Gene Co-expression Network Analysis (WGCNA) ([@msw089-B42]; [@msw089-B84]) on 683 mature miRNAs that were highly expressed and unambiguously mapped on human genomes in 123 non-redundant small RNA libraries from different human tissues and cell lines ([supplementary table S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online; the analysis was fully described in Materials and Methods). Many miRNAs are highly tissue specific ([@msw089-B40]; [@msw089-B25]; [@msw089-B59]), therefore, the expression modulation analysis would effectively capture the signals of miRNA co-expression. The unsupervised WGCNA revealed the abundances of mature miRNAs were clustered into 17 distinct co-expression modules ([fig. 3*A*](#msw089-F3){ref-type="fig"}). Strikingly, for the 47 miRNA clusters that are expressed above thresholds in the examined libraries, 39 of them have all the encoded miRNAs classified into the same expression modules ([fig. 3*B*](#msw089-F3){ref-type="fig"}). Alternatively, the observed number of clustered miRNAs that are co-expressed in a module is significantly higher than the results obtained by randomly shuffling the miRNA clustering assignments (*P *\<* *0.001, [fig. 3*C*](#msw089-F3){ref-type="fig"}). Overall, our WGCNA results demonstrated that abundances of mature miRNAs in the same clusters are significantly highly correlated. Fig. 3.miRNAs in the same clusters tend to be co-expressed and target overlapping sets of genes. (*A*) Hierarchical cluster tree showing co-expression miRNA modules identified using WGCNA. Modules correspond to miRNAs are labeled by colors. (*B*) List of miRNA clusters identified in co-expressed modules. miRNAs in the same color module are co-expressed and only clustered miRNAs are listed here. (*C*) The observed number of miRNAs that are co-expressed with other members in the same cluster (the red line) versus the numbers obtained by random permutation of miRNA genomic location (the grey histogram, 1,000 replications of permutations were performed). (*D*) Number of target genes regulated by at least two distinct miRNA seeds from the same cluster. (*E*) Number of target genes regulated by at least three distinct miRNA seed from the same cluster. In (D, E), histograms of 1,000 replicates of simulation results are shown in grey, and observed value is in red. (*F*) The expression levels of miRNA targets in five human tissues. (1) T1: genes that are targeted by only one co-expressed miRNA family in a tissue; (2) TM_C: genes that are targeted by at least two distinct conserved seeds from a miRNA cluster; and (3) TM_N: genes that are targeted by at least two distinct conserved seeds but none of them were from the same miRNA cluster (TargetScan *P*~CT~ \> 0.5 were employed in the target prediction).

Next we investigated whether miRNAs in the same clusters tend to target overlapping sets of genes. We obtained expression profiles of miRNAs and mRNAs from five tissues of human males (brain, cerebellum, heart, kidney, and testis) as determined in previous studies ([@msw089-B11]; [@msw089-B57]) ([supplementary table S7](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). We observed considerable variations in expression for both miRNAs ([supplementary fig. S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)*A*, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online) and mRNAs ([supplementary fig. S6](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)*B*, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online) across the five human tissues. We employed TargetScan ([@msw089-B18]) to predict conserved target genes in mammals (*P*~CT~ cut-off is 0.5). Moreover, we also required a miRNA and its target genes to be co-expressed in the same tissue.

Our results demonstrated that miRNAs in the same cluster had the tendency to regulate overlapping sets of target genes. In total, 1,751 genes are regulated simultaneously by at least two distinct miRNA families (each family has a distinct seed) from one miRNA cluster; and this number is significantly higher than that obtained under random simulations (*P* \< 0.001, [fig. 3*D*](#msw089-F3){ref-type="fig"}). This pattern also held true when we examined the genes that were simultaneously targeted by at least three distinct miRNAs in a cluster (*P* \< 0.001, [fig. 3*E*](#msw089-F3){ref-type="fig"}). In the above analysis, we only focused on the hetero-seed or hetero-homo seed clusters and collapsed miRNAs in a cluster with the same seeds into one distinct miRNA family (the detailed analysis is described in the Materials and Methods). One should also note that in the permutation analysis, we only randomly shuffled the locations of miRNAs so that the length and conservation levels of 3′UTRs of each gene were fully controlled in this permutation procedure. The significant enrichment in overlapping targets among miRNAs in the same clusters strongly supports the "functional co-adaptation" model and cannot be explained by genetic drift related to miRNA regulation.

Genes simultaneously targeted by multiple (≥ 2) miRNA families from the same cluster (TM_C) have significantly lower expression levels than genes targeted by only one co-expressed miRNA (T1) in all the five human tissues we examined (*P* \< 0.05 for all the five tissues, [fig. 3*F*](#msw089-F3){ref-type="fig"}, TargetScan *P*~CT~ \>0.5 was used to predict target genes); whereas similar but weaker reduction was observed for genes targeted by multiple miRNA families but not from the same cluster (TM_N) (*P* \< 0.05 for human brain, heart, kidney and testes, and *P* = 0.15 for cerebellum for TM_N versus T1 genes, [fig. 3*F*](#msw089-F3){ref-type="fig"}). Thus, miRNAs from the same cluster have the tendency to regulate the same sets of targets and cooperatively repress expression levels of such genes. In the following we will present experimental evidence for the *miR-17--92* cluster to support this conclusion.

mRNA-Seq Analysis Reveals Members of *miR-17--92* Cluster Regulate Overlapping Sets of Target Genes
---------------------------------------------------------------------------------------------------

To test our hypothesis on the evolution and function of miRNA clustering, we transfected representative members of the *miR-17--92* cluster into human 293FT cells and quantified the transcriptome alteration by each miRNA with mRNA-Seq. The *miR-17--92* cluster is involved in a variety of biological processes ([@msw089-B76]; [@msw089-B58]) and it is deeply conserved across vertebrates ([fig. 4*A* and *B*](#msw089-F4){ref-type="fig"}). This cluster comprises six miRNA precursors (*mir-17, 18a, 19a, 20a, 19b-1*, and *92a-1*) that encode four distinct seeds ([fig. 4*A* and *B*](#msw089-F4){ref-type="fig"}). *miR-17* and *20a* encode the same seed (AAAGUGC) and *miR-19a* and *19b-1* encode the same seed (GUGCAAA). There is one nucleotide difference between the seeds of *miR-17* and *miR-18a* (AAAGUGC and AAGGUGC, respectively) and these two miRNAs are classified into two families; however, these two miRNAs might be caused by ancient duplications since their precursors share significant similarities ([supplementary fig. S7](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). It is notable that the nucleotide compositions are very similar in the seed regions of the four miRNA families ([fig. 4*B*](#msw089-F4){ref-type="fig"}). The target prediction analysis revealed significantly higher number of genes co-targeted by at least two distinct members of the *miR-17--92* cluster than that expected under randomness (444 observed vs.. 220 expected under randomness, *P* \< 0.001). Therefore, the *miR-17--92* cluster provides us a good system to explore function relevance between members of clustered miRNAs. Fig. 4.The cooperative effects of miRNAs in the *miR-17--92* cluster revealed by miRNA transfection and deep-sequencing. (*A*) Evolution of the *miR-17--92* cluster in animals. Sequences and structures of the *miR-17--92* cluster are highly conserved in the vertebrate species. miRNAs with the same seeds are labeled with the same colors. *miR-92a* is the oldest member of this cluster and highly conserved in fly and some urochordate species. Distance between miRNAs in *miR-17--92* cluster in each species is listed. \*: *miR-17--92* cluster is located on the "--" strand in opossum and on "+" strand in other species. (*B*) Mature sequence of miRNAs in *miR-17--92* cluster. The seed regions (positions 2--8) are labeled in black. **(***C*) Clustering of mRNA expression profiles in cells transfected with NC, *miR-17*, *miR-18a*, *miR-19a*, and *miR-92a*. (*D*) Overlaps of the up-regulated genes in the miRNA transfected cells. (*E*) Overlaps of the down regulated genes in the miRNA transfected experiments. (*F*) Functional enrichment of up regulated genes in each miRNA transfection experiment. **(***G*) Functional enrichment of down regulated genes in each miRNA transfection experiments. In **(**F, G**)**, the *x*-axis denotes the gene count in each biological process. "\*" means genes are significantly enriched in this BP (\*, *P* \< 0.05; \*\*, *P* \<0.01; \*\*\*, *P* \<0.001). The color schemes for each miRNA experiment are the same. (*H*) Cumulative distribution of gene expression changes in miRNA transfected 293FT cells. The *x*-axis is log2(FoldChange) in cells transfected with miRNA versus those transfected with NC. The *y*-axis the cumulative fraction of genes. Blue: target genes with target scan *P*~CT~ \> 0.5, Red: Context ++ score \< −0.3, Green: both, Grey: genes without any target site of the transfected miRNA in the entire mRNA. The number of genes in each category is indicated in parentheses. **(***I*) Circos plot of conserved target genes (*P*~CT~ \> 0.5) in miRNA transfection experiments. Each sector of the plot corresponds to a miRNA transfected sample. Down regulated target genes with log2(FoldChange) (LFC) \< −0.1 are grouped in the darker portion of each sector. Expression level changes of the conserved targets are presented with scatter plots (up regulated genes labeled in red and down regulated in blue). Presence of predicted target genes (*P*~CT~ \>0.5) for the various components of the *miR-17--92* cluster is indicated by tiles plot in the inner circle. Target genes present in more than one library are joined by links. Links are colored if the target is down regulated and LFC \< −0.1 in the correspondent library. Otherwise, they are shown in grey.

We selected four distinct mature miRNAs in the *miR-17--92* cluster (*miR-17, miR-18a, miR-19a*, and *miR-92a*) and transfected each miRNA mimic into human 293FT cells (see Materials and Methods). As a negative control, we also transfected the 293FT cells with miRNA Mimic Negative Control (NC) which was known not to directly target transcriptome ([@msw089-B83], [@msw089-B85]). We performed directional mRNA-Seqs to quantify the transcriptome of the NC and miRNA transfected cells (we also sequenced the untreated 293FT cells to further confirm the NC transfection does not cause specific target effects, [supplementary fig. S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online; see Materials and Methods). We detected ∼12,000 protein coding genes that were expressed at adequate abundance (RPKM ≥1). After normalization of expression levels, the clustering analysis indicated the transcriptome profiles of the four miRNA transfected cells showed high similarities with each other, while all the four miRNA transfected samples were dissimilar to the NC transfected cells ([fig. 4*C*](#msw089-F4){ref-type="fig"}).

By comparing expression profiles of the miRNA versus NC transfected cells with NOISeq ([@msw089-B75]), we identified a large number of differentially expressed genes in each miRNA transfection experiment ([fig. 4*D* and *E*](#msw089-F4){ref-type="fig"}, NOISeq *q* = 0.9 was used as cutoff). The four miRNAs differed in altering the transcritpomes, with transfection of *miR-19a* causing the largest number of genes differentially expressed, and *miR-17* affected the least mRNA alteration. Hundreds of significantly up- or down-regulated genes are overlapping across the miRNA transfection experiments ([fig. 4*D* and *E*](#msw089-F4){ref-type="fig"}), and the observed numbers of overlapping genes are significantly higher than those obtained under randomness (*P* \< 0.001 for both up- and down-regulated genes, [supplementary fig. S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1)*A* and *B*, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). The differentially expressed genes in each miRNA transfection experiment are significantly enriched in biological pathways such as "transcription", "cell cycle", or "response to endogenous stimulus" ([fig. 4*F* and *G*](#msw089-F4){ref-type="fig"}). Therefore, the global profiling analysis demonstrated that members in the *miR-17--92* cluster generally exerted similar regulatory effects on transcriptomes despite of the difference in mature miRNA sequences.

In each miRNA transfection experiment, predicted target genes (TargetScan *P*~CT~ \> 0.5) of the transfected miRNA are significantly more down-regulated \[the median log2(FoldChange) relative to cells transfected with NC is −0.10, −0.38, −0.l7, and −0.15 for *miR-17*, *18a*, *19a*, and *92a*, respectively\] comparing with genes that does not harbor any target sites in the messengers (*P* \< 10^−10^ for all the four comparisons, Kolmogorov--Smirnov tests, [fig. 4*H*](#msw089-F4){ref-type="fig"}). The down-regulation levels of the target genes in our transfection experiments are well consistent with previous results that the majority of the preferentially conserved target genes are repressed at modest levels ([@msw089-B6]). TargetScan Context ++ Score does not require conservation of target sites but efficiently identifies the optimized genomic contexts of miRNA target ([@msw089-B2]). With the Context ++ Score cutoff \<−0.3, in each miRNA transfection experiment the predicted target genes are also significantly more down-regulated \[the median log2(FoldChange) is −0.09, −0.27, −0.l8, and −0.18 for *miR-17*, *18a*, *19a*, and *92a*, respectively\] comparing with the genes that does not harbor any target sites (*P* \< 10^−4^ for all the four comparisons, Kolmogorov--Smirnov tests, [fig. 4*H*](#msw089-F4){ref-type="fig"}).

To further confirm that miRNAs in the *miR-17--92* cluster directly target overlapping sets of genes, we identified the high-confidence targets by requiring the targets predicted by TargetScan (*P*~CT~ \> 0.5) and the expression levels down-regulated with log2(FoldChange) \<−0.1 in the transfected cells. With those criteria, we identified 301, 55, 345, and 268 high-confidence target genes for *miR-17*, *18a*, *19a*, and *92a*, respectively (totally 775 high-confidence genes after removing overlapping genes, [fig. 4*I*](#msw089-F4){ref-type="fig"}). Among these 775 high-confidence target genes, 172 were targeted by at least two out of the four miRNAs ([fig. 4*I*](#msw089-F4){ref-type="fig"}), significantly higher than the number obtained by randomness (*P* \< 0.001, [supplementary table S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). Gene ontology analysis revealed the high-confidence targets of the *miR-17--92* cluster were significantly enriched in the category "GO:0045449, regulation of transcription" (173 genes, *P *\<* *10^−5^). Notably, the high-confidence target genes simultaneously regulated by multiple members of the *miR-17--92* cluster were further significantly enriched in the "regulation of transcription" category (51 out of 173, or 29.5% comparing with 22.2% for all the targets, *P* = 0.046, Fisher's exact test). We also used log2(FoldChange) cutoff of −0.2, −0.3, and −0.5 on the evolutionarily conserved target genes in the transfection experiments, and we constantly observed the number of target genes repressed by at least two out of the four miRNAs was significantly higher than the number obtained by permutation tests (*P* \< 0.001 for all cases, [supplementary table S8](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). In summary, our transfection and deep-sequencing experiments confirmed that miRNAs in the *miR-17--92* cluster target overlapping sets of target genes, which might reinforce the repression effects of this miRNA cluster. These results are also consistent with previous studies of this miRNA cluster in mouse ([@msw089-B76]; [@msw089-B27]).

Functional Co-adaption During the Evolution of the *miR-17--92* Cluster
-----------------------------------------------------------------------

The miRNA repertoire keeps increasing as the complexity of gene regulation increases ([@msw089-B19]). Although the *miR-17--92* cluster is highly conserved among extant vertebrates ([@msw089-B58]), deep phylogenetic analysis revealed *miR-92a* was the initial founding member of this cluster in vertebrates, since only *miR-92a* exists (and is highly conserved) in *Echinodermata* (sea urchin), *Urochordata* (sea squirt), and *Drosophila* ([fig. 4*A*](#msw089-F4){ref-type="fig"}). The other members in the *miR-17--92* cluster, which does not share sequence similarities with *miR-92a*, emerged proximal to *miR-92a* in the common ancestors of vertebrates, possibly by *de novo* formation followed with duplications ([fig. 4*A*](#msw089-F4){ref-type="fig"}).

To explore whether the newly derived members of the *miR-17--92* cluster (*miR-17*, *18a*, and *19a*) shared overlapping target genes of the founding member (*miR-92a*) during the ancient formation of this cluster, we first identified the evolutionarily conserved targets of *miR-92a* in both human and fly. We transfected the mature *miR-92a* mimics into the *Drosophila* S2 cells and deep sequenced the transcriptomes in the control and the cells 32-h post-transfection. For the 171 predicted conserved target genes of *miR-92a* that are expressed in S2 cells, they are significantly more down-regulated \[the median log2(FoldChange) is −0.06\] than genes without any target sites in the entire mRNAs (*P* \< 0.0001, Kolmogorov--Smirnov test).

We totally identified 4,923 genes that were expressed in S2 cells and homologous to human genes expressed in 293FT cells. Our miRNA transfection and deep-sequencing experiments further revealed 14 of these genes beared canonical target sites of *miR-92a* and down-regulated by at least 10% in both human and flies after *miR-92a* transfection ([fig. 5*A*](#msw089-F5){ref-type="fig"}). An interesting observation is that five of these conserved target genes of *miR-92a* (*SMAD7, SMAD6, QKI, CHST7, SLC30A7*) were also targeted and down-regulated by *miR-17*, *miR-18a*, or *miR-19a* ([fig. 5*B*](#msw089-F5){ref-type="fig"}). Hence, the evolution and target regulation patterns of the *miR-17--92* cluster well support our functional coadaptation model of miRNA clustering: *miR-92a* was the ancient and founding member of this cluster, later on *miR-17, 18a, 19a* originated and regulated overlapping sets of target genes of *miR-92a*. Meanwhile, *miR-17, 18a*, and *19a* also interacted with the genomic contexts and regulated overlapping sets of target genes ([fig. 4*I*](#msw089-F4){ref-type="fig"}). Therefore, the function relatedness of the target genes facilitated novel members of the *miR-17--92* cluster to survive, develop related function, and stabilize as a regulatory module thereafter. Fig. 5.Convergent evolution of the *miR-17--92* cluster. (*A*) Changes in expression level of conserved target genes of *miR-92a* in human and *Drosophila*. The *y*-axis is LFC in 293FT cells and S2 cells that were transfected with *miR-92a*. The *x*-axis are the gene names for human and fly (in parenthesis). (*B*) Expression level of four conserved target genes of *miR-92a* between human and fly that are also targeted and down regulated by other miRNAs in the *miR-17--92* cluster.

Discussion
==========

The coordinated regulation of miRNAs in the same clusters can be manifested in different aspects. By examining expression levels of genes targeted by multiple miRNAs in the same clusters, we discovered that miRNAs in the same cluster generally have cooperative effects in repression target genes in various human tissues ([fig. 3*D*--*F*](#msw089-F3){ref-type="fig"}). Furthermore, we presented experimental evidence that members in the *miR-17--92* cluster tend to target overlapping sets of target genes ([fig. 4*I*](#msw089-F4){ref-type="fig"}). The co-operative effects of clustered miRNAs on the same sets of target genes can be generalized in [figure 6*A*, b](#msw089-F6){ref-type="fig"}y which a miRNA cluster exerts "reinforced" effects to repress a specific target gene. Fig. 6.Network motifs that are coordinately regulated by the *miR-17--92* cluster. (*A*) miRNAs in the same cluster target the same gene so that this miRNA cluster exerts "reinforced" repression effects on the specific target genes. (*B*) A single miRNA represses target genes through a feed forward loop. (*C*) A miRNA cluster represses target genes through a motif similar to a feed forward loop. (*D*) Clustered miRNAs broadly regulate biological pathways and help increase connectivity among nodes in regulatory network. (*E*) The high-confidence target genes of the *miR-17--92* cluster are significantly enriched in MAPK signaling pathway (the KEGG pathway accession hsa04010).

Previous *ab initio* analysis identified large numbers of gene regulatory networks coordinately regulated by miRNAs in the same clusters ([@msw089-B46]; [@msw089-B6]; [@msw089-B35]; [@msw089-B80]; [@msw089-B78]). Consistent with those studies, our bioinformatic analysis based on the co-expression of miRNAs and mRNAs in various human tissues also suggests miRNAs in the same clusters tend to co-regulate genes in the same pathways ([supplementary table S9](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online, see Materials and Methods). We further validated such patterns based on the high-confidence target genes of the *miR-17--92* cluster determined in this study. Our findings can be summarized as the following:

First, miRNA clustering expanded the transcription factor-miRNA co-regulatory feed-forward loops (TF:miRNA FFL). Previous studies demonstrated that miRNAs are significantly enriched in FFLs and the designing principles have several desired properties in regulating target genes ([@msw089-B29]). By integrating the high-confidence targets of *miR-17--92* cluster and the TF:target gene regulation information obtained from previous studies ([@msw089-B78]; [@msw089-B27]), we identified 61 FFLs reconstructed by a single miRNA in the *miR-17--92* cluster ([fig. 6*B*](#msw089-F6){ref-type="fig"}). However, we identified 77 motifs with the TF and its target gene separately targeted by two miRNAs in the *miR-17--92* cluster ([fig. 6*C*](#msw089-F6){ref-type="fig"}). Since abundances of miRNAs in the *miR-17--92* cluster are highly correlated, the motifs in [figure 6*C*](#msw089-F6){ref-type="fig"} might have similar properties as the motifs in [figure 6*B*](#msw089-F6){ref-type="fig"}. Therefore, the miRNA cluster expands the scopes of the TF:miRNA regulatory motifs.

Second, miRNAs in the same clusters link the motifs into regulatory modules (or biological pathways). It was established that the target genes of miRNAs tend to be significantly enriched in certain biological pathways either to switch or to stabilize the gene regulatory networks ([@msw089-B77]). However, due to the limited number of target genes one miRNA can potentially regulate, the impact a single miRNA on the network might be limited as well. Clustered miRNAs can significantly increase the connectivity among the nodes in the regulatory networks ([fig. 6*D*](#msw089-F6){ref-type="fig"}). By searching the target genes in the KEGG pathways, we found that at least 13 KEGG pathways that are significantly enriched with the high-confidence target genes of the *miR-17--92* cluster ([fig. 6*E*](#msw089-F6){ref-type="fig"} and [supplementary fig. S10](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) and table S10, [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). Overall, our experimental results confirmed previous observations that clustered miRNAs tend to target functionally relevant genes.

Our "functional co-adaptation" model of miRNA clustering requires the act of natural selection. Under our model, in the initial stage of cluster formation and expansion, positive Darwinian selection might drive the newly emerged miRNAs to develop function related to the pre-existing miRNAs in the same cluster or drive the evolution of all the new miRNAs in the same cluster to develop related function. Once the cluster is fully established, the miRNAs in the same cluster will be maintained by purifying selection and become highly conserved thereafter. Since many young miRNAs are undergoing function development, we expect to detect the signals of positive selection in the clusters comprised of such miRNAs. We calculated the divergence between human and other primate species (gorilla, orangutan, and macaque) for the ancient miRNAs as well as the young miRNAs that were clustered and non-clustered (see Materials and Methods for details). The ancient miRNA loci (those originated before the divergence of human and mouse) generally have significantly lower divergence levels than the intergenic sites which are evolutionarily neutral ([fig. 7*A*](#msw089-F7){ref-type="fig"} for human and gorilla and [fig. 7*B*](#msw089-F7){ref-type="fig"} for human and macaque comparisons), suggesting they are under strong selective constraints. However, the young miRNA loci (which originated after the radiation of primates but before the split of human and gorilla), whether clustered or nonclustered, generally have comparable divergence levels with the neutral sites between human and gorilla or between human and macaque ([fig. 7*A* and *B*](#msw089-F7){ref-type="fig"}). Interestingly, when we conducted generalized McDonald--Kreitman's tests on the young miRNA precursors by comparing the fixed DNA changes across four primate species (human, gorilla, orangutan, and macaque) versus the polymorphisms in the human populations determined in the 1000 Genomes Project ([@msw089-B1]), we found the fixed/polymorphism ratio was significantly higher for the young miRNA loci that were clustered than the young miRNA loci that were non-clustered (the ratio was 22.47 vs. 9.16, *P *\<* *0.0001, Fisher's exact test; in each class the sites were pooled together); strikingly, the fixed/polymorphism ratio for the clustered young miRNAs was even significantly higher than that of the intergenic sites (the ratio was 22.47 vs. 9.08, *P *\<* *0.0001, Fisher's exact test), suggesting positive selection might have been driving the clustered young miRNAs to develop function ([fig. 7*C*](#msw089-F7){ref-type="fig"}). We also compared the divergence between *D. melanogaster* and *D. simulans* for the ancient miRNAs and the young miRNAs that were clustered versus nonclustered. All the three types have significantly lower divergence levels than the synonymous sites, which are putatively neutral in *Drosophila* ([fig. 7*D*](#msw089-F7){ref-type="fig"}). Furthermore, by comparing the fixed difference between *D. melanogaster* and *D. simulans* versus the polymorphic mutations in the DGRP project of *D. melanogaster* ([@msw089-B53]), we detected strong signals of positive Darwinian selection on precursors of young miRNAs (originated after the split of *D. melanogaster* and *D. pseudoobscura*) that were clustered (the fixed/polymorphism ratio was 8.66, significantly higher than that of synonymous sites 2.64; *P* = 4 × 10^−12^, Fisher's exact test, [fig. 7*E*](#msw089-F7){ref-type="fig"}) and the young miRNAs that were nonclustered (the fixed/polymorphism ratio was 4.30, also significantly higher than that of synonymous sites; *P *=* *4 × 10^−7^, Fisher's exact test, [fig. 7*E*](#msw089-F7){ref-type="fig"}). These results are consistent with previous studies that many adaptive mutations were needed for newly-emerged miRNAs to develop function ([@msw089-B81]; [@msw089-B49]; [@msw089-B82]; [@msw089-B52]; [@msw089-B59]). Notably, the signals of positive selection on the clustered young mRNA precursors are significantly stronger than signals of the nonclustered young miRNA precursors (*P *=* *0.001, Fisher's exact test, [fig. 7*E*](#msw089-F7){ref-type="fig"}). Taken together, these new results suggest that positive selection might be the driving force underlying the formation and evolution of miRNA clustering, which well supports the "functional co-adaptation" model we propose for miRNA clustering. Fig. 7.Signatures of positive Darwinian selection in precursors of young miRNAs that are clustered. (*A*) Divergence in precursors of old miRNAs, young miRNAs that are nonclustered and clustered between human and gorilla. The dash line denotes divergence level of intergenic sites. The mean divergence is in red and the 95% CI were obtained by randomly sampling the sites in each category for 1000 replicates. (*B*) Divergence in precursors of old miRNAs, young miRNAs that are nonclustered and clustered between human and macaque. The dash line denotes divergence level of intergenic sites. The mean divergence is in red and the 95% CI were obtained by randomly sampling the sites in each category for 1,000 replicates. (*C*) The fixed/polymorphism ratio for intergenic region, precursors of young miRNAs that are not clustered, young miRNAs that are clustered, and old miRNAs in primates. The fixed DNA changes were counted across genomes of human, gorilla, orangutan, and macaque; the polymorphism data were retrieved from the 1000 Genomes Project. "\*\*\*" denotes *P* ≤ 0.001 (Fisher's exact test). (*D*) Divergence in precursors of old miRNAs, young miRNAs that are non-clustered and clustered between *D. melanogaster* and *D. simulans*. The dash line denotes divergence level of synonymous sites. The mean divergence is in red and the 95% CI were obtained by randomly sampling the sites in each category for 1,000 replicates. (*E*) The fixed/polymorphism ratio in synonymous sites, precursors of young miRNAs that are nonclustered, young miRNAs that are clustered, and old miRNAs for *D*. *melanogaster* and *D. simulans*. The fixed DNA changes were counted between *D*. *melanogaster* and *D. simulans*; the polymorphism data were retrieved from the DGRP project. "\*\*\*" denotes *P* ≤ 0.001 (Fisher's exact test). In (A, B, and D), "young miRNA-N" denotes precursors of young miRNAs that are nonclustered and "young-miRNA-C" denotes precursors of young miRNAs that are clustered.

Conclusions
===========

In this study, we systematically investigated the origin and evolutionary patterns of miRNA clustering in animal species. Our analysis revealed that miRNAs are significantly enriched in clusters, especially for the evolutionary conserved ones. We found that *de novo* formation and duplication are two major mechanisms for creating new miRNAs in clusters; however, the fate of a new miRNA is greatly affected by its genomic location. We proposed a "functional co-adaptation" model to explain how clustering helps new miRNAs survive and develop functions related to the pre-existing miRNAs in that cluster. By miRNA transfection and extensively profiling the transcriptome alternation with mRNA-Seq, we confirmed that clustered miRNAs cooperatively target overlapping sets of genes. By identifying conserved targets of *miR-92a* in both human and fly, we further demonstrated that functional co-adaptation between miRNAs in the same cluster might be the driving force for clustering. Based on the high-confidence targets of *miR-17--92* cluster identified in this study, we found that miRNAs in this cluster have cooperative effects on overlapping sets of target genes to reinforce repression ([fig. 6*A*](#msw089-F6){ref-type="fig"}). Furthermore, the network motif analysis indicated that miRNA clustering greatly expands the miRNA-mediated FFLs ([fig. 6*C*](#msw089-F6){ref-type="fig"}) and can significantly increase the connectivity among the nodes in the regulatory networks ([fig. 6*D*](#msw089-F6){ref-type="fig"}). Our results suggested that functional co-adaptation might be one driving force for new miRNA clusters to persist in the initial stage of formation and to be maintained by natural selection once their coordinated regulatory effects on target genes are established. Our study provides novel insights into the evolutionary principles and significance of genomic linkage of regulatory elements.

Materials and Methods
=====================

miRNA Annotation and Genomic Location
-------------------------------------

The genomic locations of miRNAs in human, mouse, chicken, zebrafish, worm, and fly were compiled from miRBase (miRBase V21, <http://www.mirbase.org/>, last accessed 16 May 2016) ([@msw089-B23], [@msw089-B24]; [@msw089-B37], [@msw089-B38]). Information regarding the genome assemblies used in this study is as follows: *Homo* *sapiens* (GRCh38), *Mus* *musculus* (GRCm38), *Gallus* *gallus* (Gallus-gallus-4.0), *Caenorhabditis* *elegans* (WBcel235), *Danio* *rerio* (Zv9), and *D. melanogaster* (BDGP5.0).

Similar to previous studies ([@msw089-B3]; [@msw089-B24]; [@msw089-B55]), the clustering of miRNA genomic locations is determined if two neighboring miRNAs are located within 10 kb and are in the same strand. BEDtools ([@msw089-B66]) was used to randomly shuffle the genomic locations of miRNA loci to test whether the observed number of clustered miRNAs was significantly higher than the simulated number of clustered miRNAs in each species. For each *in silico* analysis, 1,000 replicates of shuffling were performed in the simulations.

miRNA Duplication and Conservation
----------------------------------

We employed two complementary approaches to identify miRNA duplications of different ages. For the recent miRNA duplication events, we searched the precursor sequences using a BLAST search with a word size of 6 and *E*-value cutoff of 0.0001. For the ancient miRNA duplication events, we delimitated the paralogous copies to have homologous mature sequences with fewer than five mismatches and identical seeds (positions 2--8 of the mature miRNA).

The genome alignments and phylogenetic information of 100 vertebrate species, 12 *Drosophila* species, and seven worm species were obtained from the UCSC Genome Browser ([genome.ucsc.edu](http://genome.ucsc.edu), last accessed 16 May 2016). The conservation information for the miRNAs was defined with similar criteria in the TargetScan package (V7.0, [www.targetscan.org](http://www.targetscan.org), last accessed 16 May 2016). Besides the criteria we mentioned before, we further required: (1) the orthologous sequences of miRNA precursors form stable hairpin structures (ΔG \<−20 kcal/mol), and (2) the seeds of orthologous miRNAs were identical across the examined clades.

Since many of the curated miRNAs in miRBase might not be *bona fide* ([@msw089-B19]), we extensively compiled the small RNAs sequenced with AGO IP-Seq in human and flies from previous studies ([supplementary tables S2 and S3](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). We required an annotated human mature miRNA in miRBase have ≥10 raw reads in at least one AGO IP-Seq library. Same criteria were required in *D. melanogaster*.

Novel miRNAs Detection
----------------------

We searched for novel miRNAs with miRDeep2 program ([@msw089-B54]) in all AGO IP-Seq small RNA libraries used in this study. To reduce the false positive rates in miRNA discovery, we employed sets of criteria based on features of the known miRNAs. The following criteria was used for novel miRNA identification: (1) miRDeep2 score of novel miRNAs \>4; (2) signal-to-noise ratio \>15; (3) the length of the precursor \>60 nt, and (4) the novel miRNAs are detected in at least two independent libraries.

Evolutionary Analysis on the Ancient and Young miRNA Precursors
---------------------------------------------------------------

We downloaded the reciprocal best whole genome alignments between human and gorilla, orangutan, and macaque from the UCSC Genome Browser. For each miRNA, we extracted the alignments of the miRNA precursors as well as the alignments of the intergenic sequences 100 kb flanking the miRNA. To estimate the divergence of miRNA precursors, miRNA loci from each category were pooled together and the confidence intervals of divergence were obtained by randomly sampling the miRNAs of equal numbers for 1,000 replicates. Human polymorphism data were downloaded from the 1000 Genomes Project (<http://www.1000genomes.org/>, last accessed 16 May 2016). SNPs with minor allele frequency \<0.001 were discarded. The number of SNPs in human populations and the fixed DNA changes among human, gorilla, orangutan, and macaque were counted for the miRNA precursors and the flanking intergenic regions. The fixed/polymorphism ratios were calculated for the precursors of young miRNAs (originated after the radiation of primate species but before the split of human and gorilla) that were clustered and nonclustered separately. Similar analysis on the flanking intergenic regions were conducted. The CpG sites and the repetitive sequences in primates were removed in the generalized McDonald--Kreitman's tests. Similar analysis procedures were conducted in *Drosophila*. The whole genome alignments between *D. melanogaster* and *D.* *simulans* were downloaded from UCSC Genome Browser; the polymorphism data from DGRP project ([dgrp2.gnets.ncsu.edu](http://dgrp2.gnets.ncsu.edu), last accessed 16 May 2016) was downloaded and the SNPs with minor allele frequency \<0.05 were discarded. The synonymous sites in the coding regions flanking the miRNAs were treated as neutral regions. The K80 model ([@msw089-B36]) was used to estimate divergence levels in the miRNA precursors and the flanking non-coding regions. The statistical significance was determined with a Fisher's exact test for the fixed and polymorphism between two categories of sites.

Weighted Gene Co-expression Network Analysis (WGCNA)
----------------------------------------------------

To examine whether the abundances of miRNAs in the same clusters are correlated, we collected hundreds of miRNA expression libraries from different human tissue and cell lines from NCBI SRA database ([www.ncbi.nlm.nih.gov/sra](http://www.ncbi.nlm.nih.gov/sra), last accessed 16 May 2016). Technical replicates and highly correlated datasets (*r *\> 0.95) were filtered to avoid expressional bias and each miRNA was required to have ≥10 raw reads in each library. We also eliminated all duplicated miRNAs (e.g., hsa-miR-1-1/hsa-miR-1-2) to avoid inaccurate read counts. Finally, 683 miRNAs in 123 miRNA expression datasets were kept and WGCNA was performed as described in tutorials. The soft threshold for constructing a signed weighted correlation network (*β *= 7) was determined with the scale-free topology criterion applied to all 683 miRNAs (*r* \> 0.9). Network construction performed by default dynamic tree-cutting method and smaller minimum module size was set to *n* = 10 genes.

miRNA and mRNA Expression Data and Target Prediction
----------------------------------------------------

The expression levels of miRNAs and mRNAs from five human tissues were extracted from a previous study by the Henrik Kaessmann lab ([@msw089-B11]; [@msw089-B57]). In each human tissue, we required that each miRNA could be detected with at least 50 raw reads. We employed the TargetScan algorithm to predict miRNA target genes with the following criteria: (1) the miRNA and its target genes are co-expressed in at least one human tissue, (2) the miRNA is conserved in mammals or broadly conserved in vertebrates, and (3) the target sites is conserved (aggregate *P*~CT~ \> 0.5). For each human tissue, we separated the expressed genes into three distinct groups based on miRNA targeting patterns: (1) T1: genes that are targeted by only one co-expressed miRNA family in a tissue; (2) TM_C: genes that are targeted by at least two distinct conserved seeds from a miRNA cluster; and (3) TM_N: genes that are targeted by at least two distinct conserved seeds but none of them were from the same miRNA cluster (TargetScan *P*~CT~ \> 0.5 were employed in the target prediction).

Cell Culture and miRNA Transfections
------------------------------------

Human 293FT cells were cultured in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum at 37°C with 5% CO~2~. Fly S2 cells were cultured in Schneider's Insect Medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum at 27°C. We selected four distinct mature miRNAs in the *miR-17--92* cluster (*miR-17-5p, miR-18a-5p, miR-19a-3p*, and *miR-92a-3p*, abbreviated as *miR-17, miR-18a, miR-19a*, and *miR-92a*, respectively) and transfected 50 nM miRNA duplex into human 293FT cells with Lipofectamine 2000 (Invitrogen). The guide and passenger sequence of negative control (NC) is 5′UUCUCCGAACGUGUCACGUUU3′ and 5′ACGUGACACGUUCGGAGAA-UU3′, respectively. The untreated cells and cells 32-h post-transfection of miRNA mimics were harvested with TRIzol Reagent for total RNA isolation (Invitrogen).

Directional mRNA-Seq Library Preparation and Data Analysis
----------------------------------------------------------

Total RNAs of cells were extracted using the TRIzol reagent (Thermo Fisher) and chloroform. For mRNA libraries, 10--20 μg poly(A)+ RNAs were selected on oligo-dT25 DynaBeads (Thermo Fisher) and fragmented at 70°C for 15 min in fragmentation reagent (Thermo Fisher). mRNA fragments within 40--80 nt were size selected by 15% TBE-Urea gel. After 3′ and 5′ ligation, size selected RNA fragments were reverse-transcribed with SuperScript III (Invitrogen). Sequence of 3′ adaptor is TGGAATTCTCGGGTGCCAAGG. All cDNAs were amplified by 12 PCR cycles with Phusion High-Fidelity DNA polymerase (NEB) and the products within the correct size ranges were collected from 20% TBE gels for quality tests (Fragment Analyzer, Agilent Technologies) and sequencing (Platform: Illumina HiSeq-2500; Read length: 50 bp, single-end).

For all sequencing datasets, 3′ adaptor sequences were clipped by Cutadapt software ([@msw089-B56]). The remaining reads were aligned to human reference genome (GRCh37) and fly genome (BDGP 5.0) using STAR ([@msw089-B14]) (Mapping statistics were summarized in [supplementary table S11](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1), [Supplementary Material](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) online). The expression levels of transcripts were counted with eXpress ([@msw089-B69]) and the most highly expressed transcripts of each gene in wild type condition were selected in the analysis. Only genes with RPKM \>1 were preserved in the down-stream analysis. The NOISeq ([@msw089-B75]) package was used to normalize expression levels and detect differential expressed genes (*q* value cutoff is 0.9). All gene ontology analysis was performed by DAVID ([@msw089-B13]).

miRNA Clustering and Functional Coordination in Biological Pathways
-------------------------------------------------------------------

The human biological pathway annotations were extracted from the ConsensusPathDB database ([@msw089-B33]). For each human tissue, we first tested the enrichment of miRNA target genes in the biological pathways. miRNAs with identical conserved seeds were grouped into one miRNA family, and we employed the TargetScan algorithm to predict the conserved target genes (*P*~CT~ \> 0.5 was used as the cutoff). For each conserved miRNA seed, we tested whether its target genes are significantly enriched in a pathway by Fisher's exact test. For each seed that has target genes significantly enriched in a biological pathway (*P* \< 0.001 with Fisher's exact test), we also randomly sampled the same number of target genes in the co-expressed mRNAs, and then we pooled the randomly sampled target genes for each seed in the cluster together. We compared the observed number of genes targeted by a miRNA cluster with the simulated number of target genes of that cluster. This process was repeated 1,000 times, and a *P* value was calculated to test whether a miRNA cluster overall has a significantly higher number of target genes in a biological pathway than expected by random chance. We used the Benjamini & Hochberg method to adjust the *P* values for multiple testing.

Statistical Tests
-----------------

All the statistical tests were performed under the open source statistics package R ([www.r-project.org](http://www.r-project.org), last accessed 16 May 2016).

Data Availability
-----------------

The NCBI SRA accession number for all mRNA-Seq data of human 293FT cells is SRP067876. The accession number for all mRNA-Seq data of fly S2 cells is SRP067904.

Supplementary Material
======================

[Supplementary tables S1--S11](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) and [figures S1--S10](http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msw089/-/DC1) are available at *Molecular Biology and Evolution* online (<http://www.mbe.oxfordjournals.org/>).
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